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Optically Pumped FIR Laser Lines from CH3OH: New Laser Lines,
Frequency Measurements, and Assignments
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We report the identification and characterization of eight new FIR laser lines from methanol (CH3OH) in the range 48.4 to
453.7mm pumped by sequence and hot bands of a cw CO2 laser. Frequency measurements for most of the new FIR laser lines
and from previously reported ones were obtained in the range 0.6–6.8 THz with a one-sigma reproducibility of two parts i
107. We propose an assignment of energy levels for two of the new laser lines and for five pumped by 10R(46) previousl
reported. The high frequency lines with absorption centers outside of the tuning range of the CO2 laser pump showed doublets.
These were used to evaluate the offsets of the CO2 absorption transitions.
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I. INTRODUCTION

This work reports eight new optically pumped FIR la
ines from methanol (CH3OH) in the range 48.4–453.7mm.
he sequence and hot bands of a high-resolution CO2 laser and
low-loss Fabry–Perot FIR cavity were used. The new
ere characterized in wavelength, pump-offset frequency

imum pressure, relative polarization, and relative inten
he frequency was also measured for most of the new line
everal previously reported lines with a one-sigma repro
bility of two parts in 107. The assignments of energy levels
wo CO2 laser-pumped sets will be discussed.

The generation of coherent radiation in all regions of
lectromagnetic spectrum has been a field of great inter
hysics. The far-infrared (FIR) region, between the microw
nd the midinfrared regions, has been covered mainl
ptically pumped polar molecules. The absence of a plasm

he laser cavity permits a good frequency reproducibility (a
arts in 107) and a stability (a few parts in 109) of the frequenc
f the optically pumped FIR laser lines. These characteri
ermit the use of frequency-measured FIR laser lines in va
esearch fields, for example, metrology (1), laser magneti
esonance (2), and active medium spectroscopy (3).

These applications have inspired the search for new
ines in the FIR region. The recent development of a h
esolution CO2 laser (4) and low-loss short-wavelength F
abry–Perot cavity (5) have contributed to the generation
ew FIR laser lines. Methanol (CH3OH) is the most efficien
ctive medium to generate optically pumped FIR laser line
as been used as an active medium in many experiments

ts first use in 1970 (6) and more recently in 1995 (7) and 1996
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3). The complexity of the ro–vibrational spectrum of metha
s mainly due to the hindered internal rotation and the pe
ent electric dipole moment components. This, along with
ood overlap of the absorption C–O stretch vibrational m
ith the CO2 laser lines, has made the assignment of FIR l

ines a challenging field of spectroscopy (8).

II. EXPERIMENTAL APPARATUS

To search for new FIR laser lines, a high-resolution C2

ump laser (4) and a low-loss Fabry–Perot cavity for hig
requency FIR lines (5) were used. These lasers were rece
eveloped at the Time and Frequency Division, Nationa
titute of Standards and Technology (NIST), Boulder,
heir main characteristics will be described in the follow
aragraphs.
The CO2 pump laser has a 2.0-m long cavity formed b

ittrow-mounted diffraction grating, a five-ribbed tube, an
old-coated 20-m radius-of-curvature mirror. The ribbed
as an internal diameter of 18 mm with sharp ribs spaced e
0 cm. They dramatically increase the effective resolutio

he grating by preventing wall-bounce (or waveguide) mo
gas mixture of 10% CO2, 12% N2, and 78% He flowe

hrough the laser tube at a total pressure of about 3.3 kP
orr). A specially blazed 150 line/mm grating provides
utput coupling in the zeroth order. The electric discharge
V, 50 mA) is obtained in each 100-cm half of the tube. T
O2 system lases cw on more than 275 lines, including

egular band lines, many hotband lines, and many sequ
and lines. Typical output power was 25 W for regular b

ines, 10 W for hotband lines, and 7 W for sequence band line
igure 1 shows the CO2 laser output as the grating is rotat
The FIR Fabry–Perot cavity has less than 0.5% diffrac

oss at wavelengths below 150mm. It uses a near-confoc
eometry formed by a 36-mm diameter, 2-m long Pyrex t
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361CH3OH FIR LASER, FREQUENCIES
he ends were terminated with 1.9-m radius-of-curvature
old-coated copper end mirrors; one is fixed, and the oth
ttached to a micrometer for scanning the length of the ca
microphone was placed inside the cavity in order to ob

FIG
d
is
y.
n

oppler-broadened optoacoustic signals indicating the2

aser line absorptions in the active medium.
The CO2 pump radiation was focused into the FIR la

avity with a 2-m radius-of-curvature concave mirror 1 m from
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362 TELLES ET AL.
he FIR laser cavity. It enters through a 3-mm diameter ho
he fixed mirror, located 16.3 mm above the laser axis, a
ngle so that it is aimed at the center of the opposite m
his yields a V-shaped pumping region. This coupling ho
utside the FIR Fabry–Perot mode for wavelengths below
m, yielding a highQ FIR laser cavity.
The FIR laser line output coupling is from a 45° 6-m

iameter polished copper mirror that is radially adjustable.
IR output was detected by a metal-insulator-metal (M
oint contact diode (W–Ni) or a pyroelectric detector.

III. NEW FIR LASER LINES

The opto-acoustic signal was used as the first step to s
or new IR absorptions. After a new absorption was dete
he FIR laser was scanned to search for new laser lines.
esult, eight new FIR laser lines were discovered. They ra
rom 48 to 454mm and were pumped by three hotband C2
aser lines, three sequence-band CO2 laser lines, and one re
lar-band CO2 laser line and are listed in Table 1, wh
ummarizes the characteristics of the new FIR laser lines
avelengths in Table 1, which are reported to three dec
laces, have been frequency measured and then calculate
5 299, 792, 458m/s.
The wavelength was determined by using the cavity itse
scanning Fabry–Perot interferometer and tuning the mo
irror through at least 20 fringes. The value ofl obtained in

his way has a one-sigma uncertainty of about 0.05mm.
The pump offset frequency is defined as the rest frequ

nabs) of an absorption transition minus the center freque
nCO2) of the CO2 pump laser. It is obtained by beating the C2
ump laser frequency, when the FIR laser power is maxim
ith a stabilized CO2 reference laser frequency in a MI
iode. For sequence and hotband measurements, a regula

ine reference laser lying close in frequency was chosen. In
ase, microwave radiation was added to observe the bea

TABLE 1
New FIR Laser Lines from CH3OH

a From Ref. (3).
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ithin the bandwidth of the spectrum analyzer. The of
btained has an estimated one-sigma uncertainty of 2 M
or absorption transitions which lie outside the tuning rang

he CO2 pump laser, the offset is determined by an indi
ethod that will be discussed later.
The relative polarization of the FIR laser line with respec

he pump line is measured with a multi-Brewster angle po
zation selector and denoted by' for perpendicular and\ for
arallel.
The intensity of a FIR laser line depends on the absorp

oefficient of the IR pump radiation, the FIR transition m
ent, and the experimental conditions such as cavity de
ump power, pressure of the active medium, output coup
nd the antenna of the MIM diode. The rectified signal f

he MIM diode is an estimate of the FIR linestrength. T
trong 119-mm line pumped by 22 W from the 9P(36) C2

ump line, produced 16 mV of rectified signal.

IV. FREQUENCY MEASUREMENTS

The frequency measurements of optically pumped FIR
ines play a fundamental role for their applications in spec
opy. The frequencies were measured by mixing the unkn
IR frequency with two CO2 laser frequency references in
IM diode. The frequency standards were synthesized

he difference between two CO2 laser frequencies, each sta
ized by locking each directly to a saturation dip in the 4.3mm
O2 fluorescence signal from an external reference cell8).
he pair was chosen to be close to the unknown FIR frequ
alculated from its wavelength measurement. A microw
ignal from a synthesized signal generator can also be m
n the MIM diode if the CO2 difference is outside the band

he spectrum analyzer.
The signal from MIM diode is preamplified and then

erved on a spectrum analyzer to determine the beat notenbeat)
t the frequency given by the equation:

nFIR 5 un1nCO2(I) 2 n2nCO2(II) u 6 mnmwave6 nbeat. [1]

he integersn1, n2, and m correspond to their respecti
armonics generated in the MIM diode. The (1) or (2) signs
nd the values ofn1, n2, andm are determined experimenta
y tuning the FIR laser frequency and the microwave
uency and observing the beat note shift on the spec
nalyzer.
The estimated one-sigma uncertainty of frequency mea
ents isDn/n 5 2 3 1027. It is due mainly to the uncertain

n the setting of the FIR laser cavity to the center its gain cu
or minimizing this uncertainty, we tuned the FIR laser ac

ts gain curve and observed the change to the beat note o
pectrum analyzer using a peak hold feature. The value o
requency is calculated from the average of at least 10 diffe
easurements.
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363CH3OH FIR LASER, FREQUENCIES
Table 2 summarizes all frequency measurements of
aser lines from CH3OH performed in this work, ordered b
ncreasing wavelength. Columns 1 and 2 give the CO2 pump
ine; column 3 gives offset frequency measurement of
bsorption transition as previously defined (62 MHz); column
gives the frequency measurement. Column 5 gives the w

ength calculated from the measured frequency withc 5 299,
92, 458 m/s; column 6 gives the wavenumber; colum
ives the relative polarization; and column 8 gives comm
bout the measurement.
The frequency measurement for the FIR laser line pum

y 10R(36) from CO2 laser is of special interest because it w
ecently used in a laser magnetic resonance (LMR) experi
o study the bending FIR spectra of the FeD2 molecule (10).

V. DOUBLET PEAKS

The FIR laser lines denoted by an asterisk in Tab
isplayed doublet peaks on the beat note signal. This ch

eristic is usually observed for longitudinally pumped la
ines, the absorption center of which lies outside the tu
ange of the pump laser. The frequency and offset were
easured for those lines by using an indirect method w
ill now be described.

TAB
Frequency Measurements of

* doublet, see text.
a Ref. (9).
R

e

e-

ts

d
s
nt

2
c-

r
g
so
h

An optically pumped FIR laser can be considered a cou
hree-level system with both pump and FIR transitions D
ler-broadened. The active medium in the resonator inte
ith the pump beam and excites molecules to a rotational

n an excited vibrational level. If the pump frequency is tu
o an absorption center, it excites the molecules with
elocity in the pump direction. Then, the laser oscillation
ccur at a single frequencyn0. However, if the pump frequenc

s detuned from the absorption center line, it excites molec
ith a finite velocity in the pump direction. In this case,

aser oscillation will occur at two different frequencies
oublet peak) given by

n6 5 n0 6
n0

np
uDnpu, [2]

heren0 is the rest frequency of the lasing transition,n p is the
ump frequency, andDn p 5 n abs 2 n p is the rest frequency o

he absorption transition (nabs) minus the pump frequency (n p).
The doublet structure is easily observed by observing

eat notes while frequency measuring FIR laser lines.
seful in the study of the anisotropic gain of an optic
umped FIR laser (11, 12) and tuning of the FIR laser line (13).

2
Laser Lines from CH3OH
LE
FIR
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364 TELLES ET AL.
In this work, the doublet peak was carefully used for pre
etermination of the rest frequency of the FIR laser line an
ffset frequency. In fact, the rest frequencyn0 can be deter
ined from Eq. [2], resulting in the average of the two p

requencies measured. From this value andnp, measured b
eating the pump CO2 laser with a reference CO2 laser, the
ifferenceDnp is determined using Eq. [2]. Table 3 summ
izes the measurements performed, the rest frequencies o
aser lines, the offset frequencies (nabs 2 nCO2), and the absorp
ion frequencies (offset1 nCO2). The last column gives th
bsorption frequency (n) from different methods.
The absorption frequency in Ref. (14) was obtained from th

ourier Transform (FT) spectra, and in Ref. (15), from hetero
yne techniques by tuning the absorption transition with
lectric field (the Stark effect). There is good agreemen

ween the values obtained in this work and those from diffe
ethods.

VI. ASSIGNMENT OF THE NEW FIR LASER LINES

. The 9HP(29) CO2 Laser Line

From the two new FIR laser lines shown in Table 1,
bsorption frequency measured for the 9HP(29) CO2 laser line
nd data available from Fourier transform (FT) spectrum
H3OH, we have been able to propose the assignment o
nergy levels of transitions in this laser cycle. In fact,
bsorption frequency measured (1046.3425 cm21) is in agree
ent with that obtained from FT spectrum (1046.3425 cm21)

14). From the FT spectrum, the absorption transition
ssigned as symmetryA from (201, 6)0 to (201, 7)CO in the
sual notation (nK, J), where n is the torsional quantu

TAB
Frequency Measurements of FIR

a Ref. (14).
b Ref. (15).
e
e

k

IR

n
e-
nt

e

r
he
e

s

umber,K is the projection of the overall rotation angu
omentumJ along the near-symmetric a axis and repres

he vibrational quantum number labeled byn 5 0 for the
round vibrational state, and byn 5 co for the C–O stretch
he additional superscript (1) or (2) to K for transition ofA
ymmetry are used to label the components of the doublets
y molecular assymmetry.
The relative polarization of the two FIR laser lines,

nergies of which will be denoted byLa andLb, gives impor-
ant information to their assignment. It is associated with
hanges of theJ number in the pump and FIR laser transiti
ccording to the rules (16)

DJpump1 DJFIR 5 even3 FIR lines is parallel [3

DJpump1 DJFIR 5 odd3 FIR line is perpendicular. [4]

rom the assignment proposed using the FT spectrum da
bsorption transition hadDJpump 5 1. Then, according to th
ules for relative polarization, the parallel FIR line must h
JFIR 5 1, while the perpendicular FIR line must haveDJFIR 5
. Furthermore, considering the two new FIR lines as per

ng to a triad of emissions satisfying the energy relationLa 2

b ' Lc, relative polarization, and selection rules of metha
ransitions, the third missing line (Lc) can be predicted to be
1.0635 cm21, parallel, DJ 5 21, andDK 5 0. From the
nergy predicted, the upper levelJ quantum number give
pproximately 7, in agreement with the value ofJ obtained

rom FT spectrum data, using the relationJupper ' Lc/ 2B. In
his case, 0.7855 cm21 was used for theB value of the C–O

3
ublet Laser Lines from CH3OH
LE
Do
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365CH3OH FIR LASER, FREQUENCIES
tretch level (14). Table 4 summarizes the assignment
ussed. The data in brackets are predicted.
The assignment proposed was confirmed by using the

rogram (17), which predicted an additional FIR laser line
he same absorption frequency with a calculated wavenu
f 116.4011 cm21.

. The 10R(46) CO2 Laser Line

The 10R(46) pump line was studied recently to assign
IR laser lines at148 and115 MHz (3) offsets. In fact, th

requency measurements performed there confirmed th
ignment of energy levels for the FIR lines at148 MHz. The
ssignment predicted an additional FIR line at 49.18mm
203.3523 cm21), with relative perpendicular polarization.
his work, it was identified with a wavelength measured at
m (203.25 cm21) and a perpendicular relative polarization
greement with the characteristics predicted. Table 5 sum
izes the assignment of energy levels for the FIR lines at148
Hz pumped by the 10R(46) CO2 line.

. The 9HP(18) CO2 Laser Line

For the 9HP(18) pump, the assignment of transitions
roposed in Ref. (18) as tentative, since IR spectroscopic d

TAB
Assignment of FIR Laser Lines from CH3OH

a From Ref. (17).

TAB
Assignment of FIR Laser Lines from CH3OH

a Predicted in Ref. (3) and identified in this work.
b From Ref. (3).
c It was not observed in this work.
-

itz

er

e

as-

2

a-

s
a

re not available for the methyl-rocking band of CH3OH. The
ew FIR laser line identified in this work (22.0411 cm21)
isagrees with the theoretical value proposed (22.5063 c21).
ctually, the new FIR laser line will help the future analysis

he methyl-rocking band of CH3OH.

VII. CONCLUSION

We reported eight new optically pumped FIR laser li
rom methanol in the range 48.4–453.7mm. Most of them
ere pumped by sequence and hotbands from the highly
ient CO2 laser. The offset frequency, relative polarizati
ptimum pressure, and relative intensity were obtained fo
ew lines. Furthermore, frequency measurements for mo

hem and several previously reported ones were also perfo
n the range 0.6–6.8 THz. An assignment of energy level
ew FIR laser lines pumped by the 9HP29 CO2 line was
roposed. The new FIR laser line at 49.2mm pumped by
0R(46) had been previously predicted. It was also possib
easure the offset frequency and the frequency of the FIR
f absorption transitions outside the tuning range of the2

ump laser. The good agreement of the absorption frequ

4
mped by the 9HP(29) Line of the CO2 Laser

5
mped by 10R(46) CO2 Line at 148 MHz (3)
LE
Pu
LE
Pu
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366 TELLES ET AL.
btained in this work and those from direct FT data confi
ur use of Eq. [1].
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